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SHARED MEMORY COMPUTER METHOD AND APPARATUS 

This invention relates to shared memory computer 
systems of the parallel processor type. 

Background Art 

It is often necessary or desireable in complex 
- computer systems for a multiplicity of processing units to 
simultaneously access a shared memory/ in order to manipulate 
a common body of data (a shared data base) by retrieving/ 
storing , or modifying information. Examples of such systems 
include multiprogramming uses of conventional computers, 
single instruction multiple datastream (SIMD) computers and 
multiple instruction multiple datastream (MIMD) computers. In 
all present computer systems known to us, the number of 
processing elements which can perform such memory manipulation 
simultaneously is limited by the conflicts that occur in 
accessing the memory. For example , * a single core or 
semi-conductor memory unit is usually so constructed that 
requests from sources to store, retrieve, or modify data items 
can only be accomodated one at a time, in some sequential 
order. Multiple requests to this single memory unit 
(containing a number of data items) must have a contention or 
conflict resolution mechanism that orders the requests in some 
sequence. Multiple units of memory can be used in order to 
reduce such conflicts but, in conventional systems, the total 
rate of references to memory by sources does not increase in 
-proportion to the number of multiple memory units* 

Disclosure of the Invention 

There are no existing methods known to us, except 
for our invention described below, which achieve essentially 
conflict-free performance. By conflict-free we mean that the 
rate of references to the memory units can be increased in 
proportion to the increase in number of memory units with 
substantial independence of the memory referencing patte 
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Contrary to the usual organization of memory, one 
aspect of our invention is the assignment of data items to 
randomly selected memory locations. A translation or 
reference module is employed to locate the desired data item. 

Another aspect of our invention is a temporary 
storage buffer in the memory management system which, in the 
preferred embodiments, not only stores data items recently 
retrieved from the main or peripheral memory but also stores 
requests to READ, WRITE or TEST data items while the main or 
peripheral memory is being accessed. This avoids duplicative 
requests to the main or peripheral memory not only for data 
items recently accessed but also for data items in the process 

of being accessed. 

In some embodiments of pur invention, temporary 
storage buffers are located in nodes of a memory management 
network, providing parallel access to a data base from a 
plurality of sources without the need for a synchronizing host 

computer. 

Our invention includes a digital computer system 
comprising a plurality of sources, a plurality of memory units 
each having a plurality of memory locations for storage of 
data items, means for transmitting messages between sources 
and memory locations, means for assigning each data item to a 
substantially randomly selected memory location within a 
memory unit, a translation module for producing the address of 
the memory location, containing each data item, and a temporary 
storage buffer connected to the means for transmitting 
messages, the temporary storage buffer comprising means for 
temporarily storing copies of at least a part of messages . 
between the sources and the memory locations. 

Our invention also includes a memory management 
system for a digital computer system having a plurality of 
sources and a plurality of memory units each having a 
plurality of memory locations, the memory management system 
comprising a multi-stage switching network for transmitting 
messages, between sources and memory locations, and temporary 
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storage buffers located in at least some of the stages of the 
switching network, the temporary storage buffers each 
comprising means for temporarily storing copies of at least 
part of messages between the sources and the memory locations . 

Our invention further includes a method for reducing 
conflicts in accessing a shared computer memory comprising the 
steps of temporarily storing copies of unsatisfied READ 
request messages in a temporary storage buf f er , transmitting a 
READ request message for a given data item to its memory 
location when another READ request for the same data item is 
not stored in the temporary storage buffer, and satisfying 
other requests for that data item from the temporary storage 
buffer when the data item is received by the temporary storage 
buffer in response to the transmitted READ request message. 

Our invention also includes a .method for reducing 
conflicts in accessing a shared computer memory comprising the 
steps of temporarily storing copies of unsatisfied TEST 
request messages in a temporary storage buffer, transmitting a 
TEST request message for a given data item to its memory 
location when another TEST request for the same data item is 
not stored in the temporary storage buffer, and satisfying 
other requests for that data item from the temporary storage 
buffer when the data item is received by the temporary storage 
buffer in response to the transmitted TEST request message. 

Additional information concerning our invention and 
its background can be found in our following papers: H. 
Sullivan, et al , "A Large Scale, Homogeneous, Fully 
Distributed Parallel Machine, I & II," 4th Annual Symp. on 
Computer Architecture Proceedings,. March 1977, pp. 105-124; H. 
Sullivan, et al, "The Node Kernel: Resource Management in a 
Self Organizing Parallel Processor", "High Level Language 
Constructs in a Self-Organizing Parallel Processor" (abstract) 
and "Parameters of CHoPP" (abstract), Proceedings of the 1977 
International Conference on Parallel Processing, Aug. 1977, 
pp. 157-164; and H. Sullivan, et al . , "CHoPP: Interim Status 
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Report 1977" (unpublished). Copies of these papers have been 
filed with our priority application. 

Our invention can be embodied in memory systems 
consisting of a multiplicity of independent memory units, 
whether they be, for example, core or semiconductor or other 
random access memories or a collection of direct access memory 
its such as magnetic drum units, disk units, or sequentxal 
its such as magnetic tape units, etc. 

Further features of our invention, its nature and 
various advantages will be more apparent upon consideration of 
the attached drawing and the following detailed description of 
the invention. 

Brief Descripti on Drawings 
In the drawings: 

Fig. 1 is a block diagram of the overall structure 
of a shared memory computer system; 

Fig. 2 is a block diagram of the structure of a 
shared memory computer system showing greater detail of the 

distributor than Fig- 1; 

Fig. 3. is a utilization curve for shared memory 

computer systems; 

Fig. 4 is a block diagram of a first embodiment of 

our invention; 

Fig. 5 is a memory access rate probability curve ; 
Fig. 6 is a block diagram of a second embodiment of 

our invention; 

Fig. 7 is a block diagram of a third embodiment of 

our invention; 

Fig. 8 is a diagram of a memory allocation for the 

third embodiment of our invention; 

Fig. 9 is a block diagram of a fourth embodiment of 

our invention; 

Fig. 10 is a block diagram of a typical node useful 

for the fourth embodiment of our invention; 



SUSSEX 

OMPI 
Ab WIPO 



-5- 



Fig. 11 is a block diagram of another typical node 
useful for the fourth embodiment of our invention; 

Fig. 12 is a block diagram of variation of the 
fourth embodiment of our invention , having numerous sources 
connected to each input node; 

Fig. 13 is a further block diagram of the fourth 
embodiment of our invention; 

Fig. 14 is the block diagram of Fig. 13 redrawn in 
terras of network modules; 

Fig. 15 is the block diagram of the embodiment of 
Fig. 14 redrawn with the network modules arranged in a binary 
2-cube, or square; 

Fig. 16 is the block diagram of a further embodiment 
of our invention in which the embodiment of Fig. 14 has been 
duplicated and arranged in the form of a binary 3-cube, or 
cube ; 

Fig. 17 is the block diagram of a binary 2-cube 
embodiment of our invention having network modules internally 
connected by a bus; 

Fig. 18 is the block diagram of a binary 2-cube 
embodiment of our invention having the network modules 
internally connected by a crossbar structure; 1 

Fig. 19 is a block diagram of a binary 2-cube 
embodiment of our invention having the network modules 
internally connected in a ring structure; and 

Fig. 20 is a block diagram of a binary 2-cube 
embodiment of our ' invention having generic network modules. 

Best Mode for Carrying Out the Invention 

The overall structure of a shared memory computer 
system 10 , which is helpful in understanding the background of 
our invention, is shown in Fig. 1. There are N sources S-^ 
through S^, operating in parallel, which make memory requests. 
A memory reference is any reference to a data item in memory 
made by a source, such as a request to retrieve a data item 
from memory (READ) or to transmit a data item to memory for 
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storage or modification of a data item already in storage 
(WRITE) . The memory system holds a data base which is defined 
as any collection of data items, not necessarily related. A 
data item or item is any meaningful collection of symbols, 
e.g., bits, bytes, characters, numbers, words, records, 
instructions, computer programs. Each separate item exists in 
one and only one of the actual memory units U^Ujj within the 
memory system. There are many items in each actual memory 
unit 0,-U... The sources fi^S, may be, for example, individual 
user terminals, separate computers or processors, portions of 
a multitask program, or combinations thereof. The total 
number of memory requests generated by the sources per 
unit time is R. On average, each source generates R/N such 

requests per unit time. 

A distributer 20 receives the requests from the 
sources 8,-S- and forwards each request to the appropriate one 
of the H memory units D^. For example, if the request is a 
READ request from source S x for a data item stored in memory 
unit O- , the memory manager 20 will return a copy of the data 
item to the source If the request is a WRITE request 

(which may be a request to either store or modify a data 
item), the memory manager 20 will cause the appropriate memory 
unit to perform the activity. 

For the purpose of exposition, we assume a fixed 
access time which is the same for all the memory units, and 
use this as our time unit. In other words, in this discussion 
a memory unit takes one unit of time to make either a READ or 
a WRITE access. Our invention, however, is not so limited. 
We further assume that all of the -M memory units O^Djj can 
operate simultaneously and independently and that the total 
rate of memory references R is less than the total number of 

memory units M. # 

The following types of systems are illustrative of 

the types of systems cont mplated in Fig. 1: 

1) A multiprogrammed or, more generally, a 

multitasking computer system. There are N^^__ 
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tasks in the computer system. These tasks make 
memory references from time to time. The 
average total rate for all N tasks is R„ There 
are M disk units on the system* The computer 
system, while executing the disk operating 
system, comprises the memory manager. 

2) There are N different terminals referencing a 
common data base through a high speed computer. 
The total referencing rate for all the 
terminals is R. There are M disk units in 
which the data base- is stored. The 
communications "front end" (if any), the 
computer, channels, disk controllers, etc., 
comprises the memory manager. 

3) There are N processors, for example, 

independent computers, which share an internal 

high speed memory system. The 'total rate at 

which references are made is R. The memory 

system comprises M independent memory units. 

The memory manager comprises an electronic 

switching network connecting the processors to 

the memory units. 

In all of these systems, the result sought is that 
the rate R of references to the memory units U 1 -D M by the 
sources S^-S N as a group can be proportional to the number M 
of memory units U^-^. Since the referencing sources S 1 -S N 
are assumed to be independent, there is no ^a priori reason why 
this should be the case in the absence of our invention. If, 
for example, -as a result of some perverse referencing patt ern, 
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all the access requests were to arrive at a single memory 
unit, such as unit 0 2 , the maximum rate R could not be greater 
than one reference per unit time (the assumed speed of a 
single memory unit). Until recently it was feared that system 
referencing rates proportional to M could not be achieved in 
either theory or practice. See, for example, the review paper 
"On the Effective Bandwidth of Parallel Memories" by D.Y. 
Chang, D.J. Kuck and D.H. Lawrie in IEEE Transactions on 
Computers, p. 480 (May 1977). 

The Chang et al article cited above notes a 
theoretical model proposed by C.V. Ravi in which the system 
rate R is indeed proportional to M as a result of a 
restrictive assumption that the referencing patterns of the 
sources is random, an assumption which would be unacceptable 
in practice . 

Fig. 2 shows a computer system 210 for the purpose 
of considering a system in which the sources have a random 
referencing pattern. The computer system comprises a 
plurality of sources S^S^, a plurality of memory units 
and a distributor 220 including a switching module 221 and a 
plurality of queues O^-O^ for requests directed to the memory 
units u^-Ujj- 

When we say that references are made by the sources 
S,-S„ to memory units O x -0 M are made at random, we mean: 1) 
that for any reference, the probability of accessing at any 
given one of the M memory units D^Ug is just 1/M and 2) that 
references are statistically independent of each other. At 
each of the memory units 0^, a queue Q of access requests 
is maintained. The electronics to accomodate this queue may 
be thought of as being part of the switch element 220. 

For purposes of analysis we need not specify in this 
example how many referencing sources are present because the 
reference pattern is fully defined. 

Since arrival of access requests at any of the 
memory queues O^-O^ is independent of all other access request 
arrivals, we can analyze each of the memory units u^-Ujj and 

OMPI 



PCT/US80/00007 



-9- 

its corresponding queue independently. The queueing behaviour 
is one of random arrivals and ■ a fixed service time. It can be 
approximated by the so-called M/D/l queue* (See f for example, 
Kleinrock, Queueing Systems , vol. I), The expected 
utilization p of any of the memory units U^-0 M is determined 
by the average queue length q at that unit. (See Fig. 3). For 
memories having a fixed access time of one unit, if accesses 
are actually attempted at this rate, the queue length becomes 
infinite as shown in Fig. 3. If we access, however, at some 
fraction of this fixed rate, the queues are finite and the 
smaller the rate of access, the smaller the queues. Once a 
desired queue length is established, the throughput of each of 
the memory units u i~°M will be some fixed fraction of 
requests per unit time. Therefor e, the system rate R will be 
just p times M, and thus proportional to the number M of 
memory units t^-l^. of course the presence of queues causes 
some additional waiting time for requests to be served? but 
for modest mean queue lengths, the throughput rate R is a 
large fraction of M. Moreover, if smaller waiting times are 
desired, the rate R will be lower but still .proportional to M, 
The decreased data rate may therefore be compensated by 
increasing M. Consequently the selection of the value of p is 
a compromise among three factors: 1) the cost of additional 
memory units, 2) the cost of the queueing support hardware, 
and 3) the cost of waiting time. 

The assumption of a pattern of random referencing by 
the sources may be superfically attractive, but is unrealistic 
in practical systems. In most practical systems, some of the 
data items are accessed much more often than others. 
Moreover, the effects of non-random access patterns are 
difficult to assess. As a result, the performance of the 
theoretical model mentioned above, which is noted by Chang et 
al., would be hard to predict and would probably be highly 
application dependent. Our invention permits the removal of 
the restriction of a random reference pattern by the sources. 
In accordance with our method and apparatus, the system has a 
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certain guaranteed minimum performance independent of the 

referencing pattern. 

Pig 4 shows a first embodiment of a computer system 
410 in accordance with our invention. The computer system 410 
includes a plurality of sources S^S^ a memory manager 420, 
and a plurality of memory units U^. The memory manager 420 
includes a distributor 421 for performing swxtchxng functions, 
a translation module 425 and a plurality of queues Ql -Q M for 
temporarily storing access requests en route to the memory 
units O n -U M . Although a separate queue is shown for each of 
the memory units U^D*. shared queues can also be employed. 

Items stored in the memory units 0-,-Ujj may be 
accessed in the following ways: 

•read reference. A request is sent from the source 
to read a data item in memory arid return a copy to the source. 

WttTTE reference. A request is sent from the source 
to to modify a data item in the memory. The modification may 
depend both on the request and the current value of the data 
item. The simplest form of a WRITE reference request xs a 
store operation, which replaces the current data item wxth a 

new data item. 

trst reference. A request is sent from the source 
to test the data item in the memory. Several different kinds 
of tests may be supported by the system. The nature of the 
test performed depends on the kind of request? but, xn any 
case, there will be two possible outcomes of the test whxch 
can be called success and failure. In case of success, the 
data item in memory will be modified. In case of failure, the 
data item will not be modified. In either case, the 
requesting source will be informed of the outcome. A copy of 
the item may also be returned to the source. 

Our memory manager- 4 20 distinguishes between 
references to data items in the data base, made by the sources 
Sl -S v „ and accesses to data items in memory units U^, made 
by tne memory manager 420. This distinction reflects the fact 
that the sources Sl -S N make references to data items by means 
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of some virtual address or symbolically in any convenient 
form- The data items are stored in memory locations within 
the memory units a i~U M - " The memory manager 420 accesses data 
items in the memory units in accordance with the data items' 
actual location in memory. A random assignment of memory 
location is made whenever a new data item is created, A 
record of the translation from the virtual address to the 
actual address in which the data item is stored is kept in a 
translation module 425. Data references are translated by the 
memory manager 420. To do this, the memory manager 420 
includes a translation module 4 25, such as a translation table 
or memory, which provides the correspondence between virtual 
and actual addresses. The memory manager 4 20 may also include 
a random or pseudo-random number .generator 426, such as a 
random noise source together with an analog to digital 
converter, for use in creating a translation table in the 
translation module 425. Alternatively, the translation module 
425 can contain a translation algorithm or an externally 
created translation table. The distinction between virtual, 
and actual addresses plays an important role in the conflict 
control mechanisms of our invention. As will bis seen in the 
detailed descriptions below, there need not be a one-to-one 
relationship between memory references and access requests in 
many embodiments of our invention. 

We have said that the sources S ^-S N are independent, 
operating in parallel on a shared memory system. Certain 
WRITE referencing restrictions follow from this fact. These 
or similar restrictions are needed in any such parallel system 
to assure integrity of the data base. Our conflict control 
system exploits these restrictions. 

WRITE requests are subdivided into two categories, 
private and shared, in accordance with the type of data they 
reference. Any of the sources S-^-S^j may have private data, 
stored in the shared memory. This is data which that one 
source alone will reference. We impose no restrictions with 
respect to private data referencing. Certain data items are 
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designated as shared, which means that they are potentially 
subject to modification by any of a number of different 
sources and also subject to READ requests by a number of 
different sources. Simultaneous writing by different sources 
of the same data item leads to indeterminate results, and 
consequently is unacceptable. Therefore, with respect to 
shared items, parallel systems inherently impose the 
restriction (to maintain the integrity of the data base) that 
no two of the sources S 1 ~S N will generate concurrent WRITE 
requests for the same shared data item. We are not concerned 
with enforcement of this restriction, but with providing a 
conflict free memory system in the presence of the 
restriction. 

Dnder foregoing circumstances, the effect of 
randomization of the memory locations of data items is that of 
controlling conflicts for the case of WRITE operations. To 
test the effectiveness of randomized memory locations, we 
consider system behavior under a worst case referencing 
pattern. A worst case referencing pattern is one which causes 
the highest possible access rate to some one of the memory 
units O n -U M . It is a referencing pattern for which the 
highest possible proportion of total system references become 
accesses to one memory unit. The total system rate R must be 
adjusted so that the average access rate to any one of the 
memory units is less than one access per unit time. 

Otherwise the queue at that unit will build up indefinitely, 
and the system will fail to provide responses at the rate R. 
Therefore, the worst case reference pattern described above 
provides the minimum useful system rate. 

To demonstrate the effect of randomization of the 
memory locations of data items under the worst case 
referencing pattern, we adopt the language of game theory. We 
assume that there is an Opponent, whose objective is to 
construct a referencing pattern which will "defeat" the 
computer system 410. By "defeat" we mean equalling or 
exceeding one memory access per unit time at the busiest 
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meraory unit when the system is operating at a rate R. The 
Opponent has full knowledge of the system's structure and its 
parameters (M, N and R) . He has control of every reference 
made by all the sources S^S^j, in the sense that he can 
construct , in advance, any sequence of references. The 
Opponent does not know the specific contents of the 
translation module 4 25. Consequently , although he controls 
the reference addresses, he cannot know to which of the memory 
units Ut-U„ a given reference will be directed. With all this 
knowledge, the objective of the Opponent is to use a 
referencing pattern which has the highest probability of 
overloading one of the memory units ^^^^ In other words, 
the Opponent will use that referencing pattern which has the 
highest probability of equalling or exceeding one memory 
access per unit time at the busiest memory unit when the 
system is operating at a rate R. 

Does randomization of the memory location 
assignments in accordance with our invention avoid defeat by 
the Opponent? This depends on the value of N, the number of 
sources S^S^. If N equals one, the Opponent would 
continuously reference the same private data item. He does 
not know which of the memory units U 1 »U M will 1 be accessed by 
this reference, but some one unit will certainly be accessed 
at the full rate R and, the system will be defeated. (Onder 
these circumstances the maximum rate R that the system can 
sustain is one reference per unit time; independent of M) . 

Suppose now that the number. N of sources approaches 
infinity. The Opponent is then constrained to make WRITE 
accesses at random, independently,- with equal probability at 
each memory unit. This constraint is based on the rule that 
only one source can send a WRITE request to a given address at 
one time. As a result, every address written by a different 
source, whether for a private or a shared data item, must be 
directed to a different address. Thus, the case where N 
approaches infinity is that previously considered: the case 
of a random access pattern. 

( - OMPI 
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Fig. 5 shows the relationship between the number of 
sources S-j-Sj, and the memory access ratio. If the accesses to 
memory were distributed uniformly, then the access rate to 
each and every memory unit would be R/M. This is the expected 
access rate when the accesses are random and independent and 
corresponds to the case where N = - . For a finite number of 
sources, the relevant parameter is the ratio N/M, which is the 
number of sources per memory unit. When N/M is finite, there 
is a possibility that the arrival rate at some of the memory 
units will exceed the value R/M. We shall denote by x the 
rate of arrival at the busiest memory unit and shall define 
to be the probability that the rate x exceeds a fixed value a. 
In other words ^ 
= PROB ( 3C > a ) 

Now Pig. 5 shows the relationship between H, a, and N/M. The 
curve of Fig. 5 was derived from statistical analysis. 

As Fig. 5 illustrates, the probability that the 
busiest memory will be accessed at high rate, can be made 
small by selecting N/M to be sufficiently large. Therefore, 
under worst case conditions, the memory system which we have 
invented will provide conflict free behavior with a high 
probability, provided the following condition's are met: 1) the 
system is utilized at a rate somewhat less than the absolute 
theoretical maximum, ( i.e. , less than M memory accesses per 
unit time). The amount by which the request rate must be 
decreased is given by a, and 2) there are enough independent 
sources operating in parallel. The required number, is 
determined from the value of N/M in Fig. 5. 

Fig. 6 shows a second embodiment of our invention, 
comprising a computer system 610 similar to system 410 of Fig. 
4 with the addition of a temporary storage buffer 630, which 
is a conflict control mechanism for READ and TEST references. 
This is a memory associated with the memory manager 620 of the 
computer system 610. READ and TEST references are subject to 
no restrictions when a temporary storage buffer is employed in 
accordance with our invention. This absence of restrictions. 
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for example, permits all of the sources S^-S N to keep reading 
the same reference address • 

In the following initial description, several 
aspects of the temporary storage buffer 630 are all employed. 
Variations, which also provide conflict free performance, are 
noted below. 

Every time a copy of a data item is read out of one 
of the memory units V^Um* a copy is stored in the temporary 
storage buffer 630. 

Whenever the memory manager 620 receives a READ 
reference, it first consults the temporary storage buffer 630 
to find whether the item is stored in the temporary storage 
buffer 630. If so the reference request is satisfied, from the 
temporary storage buffer 630 , and. therefore that request will 
never be directed to any of the" memory units U 1 -D M , will never 
appear in any of the memory unit queues Q^-Q M and will not 
contribute to memory accesses. Therefore, the Opponent 
seeking to defeat the system will never made any reference 
request for an item that is already stored in the temporary 
storage buffer. 

In the last paragraph, we assumed that the temporary 
storage buffer 630 will contain a copy of the^data item the 
instant an access request request has been made. In fact, an 
access may wait in on? of the memory queues Qi~Q M r f° r some 
time before the data item is actually delivered back to the 
memory manager 620. Since the assumption of instantaneous 
memory reference cannot be made in most real systems, we store 
in the temporary storage buffer 630 not only copies of 
recently used data items, but also access requests to the 
memory units U^""^ which have been made, but have not yet been 
satisifed. 

As each READ request for an item arrives in the 
memory manager 620, for example from source * s compared 

with all items currently stored in the temporary storage 
buffer 630. 
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a) If a copy of the requested item is in the . 
temporary storage buffer 630, a copy is sent to the requesting 
source 

b) if another READ request for the item is in the 
temporary storage buffer 630, the latter request is also 
stored in the temporary storage buffer 630, but no access is 
made to any of the memory units 0^-0^; and 

c) if neither a) nor b) occurs, then the request 
is stored in the temporary storage buffer 630, and both this 
request and the actual address obtained from the translation 
module 625 is put into the proper one of the queues Q^Qn 

the one of the actual memory units to be accessed by the 

request. 

When one of the memory units Oj-Ujj delivers a copy 
of a data item that has been read, all READ requests for that 
item existing in the temporary storage buffer 630 are 
satisfied by sending the item to all sources that requested 
it. All these requests are then deleted from the temporary 
storage buffer 630? however, a copy of the data item itself is 
stored in the temporary storage buffer 630. This mechanism 
assures that no more than one access request for a given data 
item can be directed to the memory unit containing it at any 
time. 

TEST requests are not satisfied from a copy of the 
item in the temporary storage buffer. If another TEST request 
for the item is in the temporary storage buffer, this request 
is also stored in the temporary storage buffer and no access 
is made to any of the memory units U 1 -U M . If there is no 
other TEST request for this item in the temporary storage 
buffer, this request is stored in the temporary storage buffer, 
and it, together with the actual address obtained from the 
translation module 625, is put into the queue for the actual 
memory unit to be accessed by this request. 

When a TEST access is serviced by a memory unit, the 
memory unit returns status information and possibly a copy of 
the item to the memory management system. This response to 
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the TEST access is designated to be sent on to a particular 
source by the memory manager 620. Other sources of TEST 
requests to the same items that have been stored in the 
temporary storage buffer are sent status information 
representing failure. If a copy of the item was returned by 
the memory unit this copy is also sent to these other sources. 

Note that if the temporary storage buffer 630 is 
full, an incoming READ or TEST request may only replace an* old 
item. The choice of the old item can be made by any of 
various replacement algorithms* 

"In the previous embodiment, if the probability of 
failure from WRITE requests was to be at least as low as rj, 
then N-q or more different sources would be needed. Now 
suppose that the temporary storage buffer has storage space 
for just N n -1 data items. If the Opponent repeats a READ 
reference without having N -1 other requests intervening, a 
copy of the data item will still be in the temporary storage 
buffer 630. Therefore, the Opponent is forced (in order to 
create memory accesses) to plan the referencing patterns so 
that at least N n different references are made. As previously 
described, the virtual or symbolic addresses of these 
references have been translated at random into actual 
addresses. As a result of the use of our temporary storage 
buffer, the pattern of READ and TEST accesses to the memory 
system is that no access for any- item is made more often than 
once every Nn total accesses to the memory system. 

The Opponent can circumvent the temporary storage 
buffer completely by adopting a policy of never referencing 
anything in the temporary storage buffer 630. This he can do 
by spreading his references among at least Nn different data 
items. The memory units D 1 -O m will always be accessed, but as 
though there were N n distinct referencing sources, each 
required (by virtue of the Opponent's policy) to reference a 
different item. Then, by the same statistical arguments which 
we have applied to WRITE requests in the previous embodiment, 
the probability that the Opponent can defeat the system w ill 
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be n - Thus, the reference pattern necessary to circumvent the 
temporary storage buffer. 630 must produce satisfactory 
behavior by the memory system as a whole. 

We contrast the performance of the temporary storage 
buffer of our invention with the conventional and well known 
uses of cache memory in computer systems. In the ordinary 
usage of a cache memory, the system performance is improved 
whenever some recently used item is again requested and found 
in the conventional cache. If an item is not found in the 
conventional cache, no benefit is obtained from the presence 
of the cache. Whether or not a conventional cache will 
benefit the memory system with which it is associated depends 
upon whether or not the pattern of memory access requests 
contains repetitions. "Unfavorable" request patterns (those- 
containing no repetitions) will' negate the benefit of a 
conventional cache. In contrast, the use of the temporary 
storage buffer in combination with the randomization of the 
actual locations of data items in the memory units, according 
to our invention, provides conflict free performance under 
every request pattern. This performance, moreover, can be 
achieved even if a "unfavorable" referencing pattern assures 
that no data item is ever found in the temporary storage 
buffer. 

The optimal size of the temporary storage buffer is 
determined by factors relating to N n the numbers of memory 
units in the system and the desired level' of performance. On 
the other hand, the size of a conventional cache is determined 
(as has been reported in the literature) in accordance with 
the statistics of behavior of "typical programs" and the 
optimal size of conventional cache will be application 
dependent. 

Finally, the contents of our temporary storage 
buffer may consist of recently accessed data items, or only of 
pending reference requests or of both. In all of these cases, 
a conflict free memory system will result, provided (as 
previously pointed out) that a suitable randomized 
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distribution of data items among the memory units has been 
achieved. Of course, we do not exclude the obvious 
possibility that a memory can be used for a conventional cache 
function in addition to its use as the temporary storage 
buffer in connection with the conflict control mechanisms of 
our invention. 

Fig, 7 shows a third embodiment of our invention, 
comprising a computer system 710 including a memory manager 
720 in the form of a general or special purpose computer. 
Connected to it is a memory, 740 which consists of a 
multiplicity of actual memory units such as disks, drums, 
charge coupled devices, bubbles, tapes, etc,, together with 
the special or general purpose mechanisms necessary for 
control of access to them. Bach separate item exists in one 
and only one actual memory unit* within the memory system 740. 
There are many items in each actual memory unit 741^-741^ 
The sources 750 in this embodiment are terminals which can be 
keyboard devices, cathode ray tube devices, other computers, 
etc. The sources may be local or geographically remote, and 
may be connected to the general or special purpose computer 
comprising the memory manager 7 20 via a data communication 
interface 752. 

An allocation of high speed memory space 721 in the 
memory manager 720 is shown in Fig, 8. This high speed memory 
space 821 (corresponding to memory space 721 in Fig. 7) is 
allocated to the conflict free memory control. Associated 
with each data item in the system is an item number. Space 
825 is the space reserved to hold the translation module, 
which holds a list of item numbers and the associated actual 
address within one of the memory units 741 1 -741 M in which the 
item resides. These actual addresses were generated by a 
randomizing procedure. Space 823 is the space reserved for 
the collection of queues of access requests, indicated here as 
one queue for each of the memory units 741^-741 M . The 
requests in these queues are managed by the general or special 
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purpose computer's queue management system. Space 830 is the 
space reserved for the temporary storage buffer. 

In one variation of this embodiment, only READ and 
TEST requests are stored in the temporary storage buf £ er , but 
not a copy of the requested item. This var i at ion- including 
the translation module 825 and randomized memory 
locations-also provides a conflict free memory system 

In a second variation of the embodiment, 
requests are not stored in the temporary storage buffer 830, 
but copies of items are stored there. This - 
variation-including the translation module 825 and randomized 
memory locations-also provides a conflict-free memory system. 

in another variation of this embodiment, copies of 
data items of WRITE requests for a simple store 
READ requests are stored in the temporary storage buffer 830. 
Any READ requests for WRITE request items in the temporary 
storage buffer 830 are satisfied immediately from the 
temporary storage buffer 830 using the WRITE request item 
"fLatLn. If there is no space for a new 
old WRITE request is deleted. The choice of the old WRITE 
request to be deleted and replaced can be made by any of the 
various replacement algorithms. Alternatively, the data items 
from WRITE requests or data items in the temporary storage 
buffer from previous READ requests can be treated 
indifferently for the purposes of replacement. 

in another variation of this embodiment, relating to 
the storage of WRITE requests, the temporary storage buffer . 
allows a WRITE completion signal from the queue management 
system to cause deletion of the write request. 

The previous discussions assume that the memory 
manager (and the temporary storage buffer as well) is much ^ 
faster than the memory system so that the memory unit service 
time governs the performance of the system. This is, in at 
least some cases, a reasonable model for a computer system 
with disk files and a high speed computer. We now consider 
systems in which there are so many memory units or the memory 
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units function at such high speed/ that the memory manager 
functions must be carried out in some parallel manner. The 
analysis above, however, will still apply. 

A fourth embodiment of our invention, a computer 
system 910 shown in Fig. 9, includes a plurality of sources 

S 1~ S 8 and a P luralit Y a memory units t^-Ug. 

This embodiment is especially useful where the 
sources S^-Sg are general or special purpose computers or 
processors. The memory manager 930 in this embodiment 
consists of a multistage switching interconnection network of 
nodes 911-914, 921-924 and 931-934 each including a switch 
element and a temporary storage buffer as described below. 

Although Fig. 9 shows 8 sources, 8 memory units and 
12 nodes; as will be apparent from the following discussion 
and this specification as a whole, our invention is not 
limited to that particular combination, or to a one-to-one 
relationship between sources and memory units, or to four 
communications links per node. For example, the two sources 
in each column of Fig. 9 could be replaced by a single source 
having a multiplicity of register sets or by a plurality of 
sources. Alternative network topologies to that of the 
interconnection network comprising the memory 'manager 930 of 
Fig. 9 can be selected by one skilled in the art from the 
network topologies described or implied, for example, in the 
book by V.E. Benes "Mathematical Theory of Connecting Networks 
and Telephone Traffic 11 , Academic Press, 1965, New York; the 
paper by K.E. Batcher "Sorting Networks and Their 
Applications: 1968 Spring Joint Computer Conference, AFIPS 
Proc. Vol. 32 pp. 307-314; D.H. Lawrie, "Memory Processor 
Connection Networks," Dept. of Computer Science, Univ. of 
Illinois, Urbana, Illinois. Report 557, 1973; A. Waksman, "A 
Permutation Network", Journal of the Association for Computing 
Machinery, Vol. 15, pp. 159-163, 196 8; Opferman and Tsao, "On 
a Class of Rearr angeable Switching Networks" Bell System 
Technical Journal, V. 50, p. 5, May, June 1971, pp. 1579-1600; 
and certain cases of the networks of L.R. Goke, G.J. Lipovski 
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"Banyan Networks for Partitioning Multiprocessor Systems; 
Proc. 1st Annual Computer Architecture Conference, Gainsville,. 
Florida, 1973, pp. 21-28. 

The interconnection network of nodes comprising the 
memory manager 93 0 shown in Fig. 9 is called a binary, 
switching tree. The number of levels of nodes is k where 2 
equals the number N of sources S^-Sg which also equals the 
number M of memory units 0-,-ag. Here, k=3 because M=N=8. The 
number of nodes in each column is also k. Each level contains 
N/2 nodes. The nodes at any level always have one connection 
directly down to another node in the same column. For 
example, node 911 connects with node 921. The other 
connection for each node is made in accordance with Table I 
below: 

TABLE *I 

Column No. 12 3 4 

Level 1 R L R L 

Level 2 R R L L 

An R in Table I means the connection goes to a node to the 
right on the next lower level as shown in Fig. 9. An L in 
Table I means that the connection goes to a node to the left 
on the next lower . level of Fig. 9. More generally, if the 
Table I symbol is an R, the column to which the connection is 
made is given by the formula: C+2 X_1 , when C is the column 
number and x is the level number of the node from which the 
connection is made. If the Table I symbol is an L, the column 
to which the connection is made is given by the formula: 

For a binary switching tree interconnection network 
of twice the size of that of Fig. 9, i.e. 16 sources, 16 
memories and 4 levels; Table I is simply duplicated and a row 
added with all R's in the left half of this row and L's in the 
right half of this row, as shown in Table lis 



OMH 



3NSDOQD: <WO 8001 421 A1 1 > 



-23- 



TABLE II 

Column No. 1 2 3 4 5 6 7 8 

Level 1 RLRLRLRL 
Level 2 RRLL RR LL 

Level 3 RRRRLLLL 

Duplicating Table II and adding another such row, will give a 
connection table for a network having 32 sources and 32 memory 
units etc. 

More precisely, we can characterize the rule for the 
inter-node connections of binary switching trees as follows: 
If a node location is denoted by (x,C), then each node 
connects to the node at position (x+l,C) and to the node at 
(x+l,C+2 x ~ 1 ) if (C-l) mod (2 X ) < 2 X ~ 1 , otherwise to (x+1, C) 
and to (x+1, C-2 X "" 1 ) . 

The connections between nodes in Fig. 9 and between 
nodes and sources, and between nodes and memory units 
represent two way communication links. These links can be 
wires, radio channels, microwave channels, optical fibers, 
satellite channels or any other transmission channels of 
adequate bandwidth in bits per second. 

The memory system 940 consists of a multiplicity of 
actual memory units U^-Ug employing any of several storage 
techniques such as such as cores, semiconductors, Josephson 
junctions, bubbles, charge coupled devices, etc. The memory 
system 940 holds a data base. Each separate item need exist 
in one and only one of the memory units ^-Ug and there are 
many items in each of the memory units ^"Ug. 

Associated with each item is an item number. Items 
are stored in the memory units D ^-Ug in accordance with the 
actual address associated with the item's item number. These 
actual addresses are generated by a randomizing procedure or 
device and stored with the item number in a translation 
module, such as the one shown in Fig. 8. In one variation of 
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this embodiment, a copy of the translation module resides in 
the local memory of each of the sources S^^-Sg. 

Each of the sources S^-Sg accesses the required 
memory unit by first looking up the item number in a 
translation module to obtain the actual address for the memory 
unit containing the data item. A source address is also 
associated with each of the sources S^Sg. Each access 
request takes the form of a packet which is transmitted 
through the memory manager 930 to and from the proper memory 

unit. 

Each packet is a collection of bits divided xnto 
fields. One field contains an operation code which specifies 
the type of request, e.g. , READ or WRITE. A second field 
contains the source or source address. A third field contains 
the memory unit address. A fourth field contains the item 
address, which is the actual address of an item within the 
memory unit. Together, the memory unit address and the item 
address comprise the destination address. A fifth field 
containing the actual item is added where appropriate. Note 
that the packets may he of variable length. 

Typically, the computer system 910 operates as 
follows. When a source, such as source S 4 desires to access a 
data item, for example, a data item in memory unit Og, the 
source S 4 sends a packet on a link to the first level node 912 
to which it is connected. At this node 912, the packet is 
processed, as described below. If necessary, the packet is 
sent on a link to a node 922 the next level of switching which 
in turn processes the packet. If necessary, the packet is 
sent on a link to node 934, where -it is processed and, if 
necessary forwarded to the memory unit Og. If the packet 
arrives at the memory unit D g , the packet is again processed 
and a return packet is sent back to the requesting source S 4 
via the nodes 934, 922 & 912 as described above. 

A typical node of Pig. 9 is shown in more detail in 
Pig. 10. Each node 1010 contains one temporary storage buffer 
1030, a routing switch 1050 and a queue 1060. ^Cjr^ 
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As each READ request packet from a source for an 
item arrives at routing switch 1050, the packet's destination 
address is compared with the addresses currently stored in the 
temporary storage buffer 1030. If the address associated with 
an item in the temporary storage buffer 1030 matches the 
destination address of the packet, the item is copied into the 
data field of the packet and the packet is routed for return 
to the requesting source by the routing switch 1050, which 
places it in the queue 1060 marked for transmission to the 
same. If the destination address is in the temporary storage 
buffer 1030 but the associated item is not there (because a 
READ request is pending), the request packet also is stored in 
the temporary storage buffer 1030. 

If the destination address is not in the temporary 
storage buffer 1030, the packet is stored in the temporary 
storage buffer 1030. In addition, the routing switch 1050 
places the packet in the queue 1060, to transmit the packet to 
the destination address. 

As each TEST request packet for an item arrives at 
routing switch 1050, a copy of the TEST request packet is 
stored in the temporary storage buffer 1030. If another TEST 
request packet for the item is not stored in the temporary 
storage buffer 1030, then the routing switch 1050 places the - 
packet in the queue 1060, to transmit the packet toward the 
destination address. Note that a TEST access is never 
satisfied by a copy of an item stored in the temporary storage 
buffer 1030. . 

When the operation code of a packet indicates a 
WRITE request, the routing switch .1050 puts the packet in the 
queue 1060 for transmission to the appropriate memory unit. 
In one variation of this embodiment, the data items from WRITE 
requests are also placed in the temporary storage buffer. 

When a READ response packet arrives at routing 
switch 1050 of a node 1010, the data item contained therein is 
placed in all response request packets in the temporary 
storage buffer 1030 at that node having the same destination 
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address. Each of these packets 'is then removed from the 
temporary storage buffer 1030 and put in the queue 1060 in 
order to send the item to each of the requesting sources. A 
copy of item and its destination address are retained in the 
temporary storage buffer 1030. 

When a return packet from a TEST request arrives at 
routing switch 1050, it is enroute to a particular requesting 
source. The routing switch 1050, therefore, places the packet 
in the queue 1060 to move the packet toward that source, 
forwarding the packet without modification. For the other 
TEST requests to the same item, which have been stored in the 
temporary storage buffer 1030, the node 1010 generates 
additional response packets containing status information 
indicating that the test failed and transmits them to the 
requesting sources. In addition, if the TEST response packet 
arriving at node 1010 from a memory unit contains a copy of 
the item, these additional packets generated at the node 1010 
also contain a copy of the item. 

An incoming request packet which is to be stored in 
the temporary storage buffer 1030 will only replace an old 
item if the temporary storage buffer 1030 is full. The choice 
of the old item to be replaced can be made by. any of the 
various known replacement algorithms. 

Fig. 11 shows an alternative node 1110 suitable for 
use in the embodiment of Fig. 9. Node 1110 comprises two 
routing switches 1151 and 1152, a shared temporary storage 
buffer 1130, separate queues. 1161 and 1162 for each 
communication link directed toward the memory units, separate 
queues 1163 and 1164 for each communications link directed 
toward the sources, and a communcations line 1170 between the 
routing switches 1151 and 1152. The operation of node 1110 
should be clear to those skilled in the art from the 
description of the operation of node 1010 above. 

Any packet moving from a source via the network to a 
memory unit will be delayed. This. delay is called latency. 
Similar latencies occur in any computer system. If each 
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source waits for a response packet before generating a new 

request packet/ the system, including the network of Pig. 9, 

the memory units and the sources, may be underutilized . 

Therefore, a source can generate a multiplicity of request 

packets in this system without waiting for the corresponding 

response packets* Consequently, a variation of this 

embodiment replaces the two sources in each column of Fig. 9 

with a multiplicity of sources S la -S lx , S 2a -S 2x , S 3a -S 3x & 

S A -S A g as shown in Fig. 12. 
4a 4x' 

In another variation of this embodiment, only READ 
requests are stored in the temporary storage buffer, but not a 
copy of the requested item. This variation — including the 
translation module and randomized memory locations — also 
serves to enable a conflict-free memory system. 

In another variation, READ requests are not stored 
in the temporary storage buffer, but copies of items are 
stored. This variation — including the translation module and 
randomized memory locations — also serves to enable a 
conflict-free memory. 

In another variation of this embodiment, copies of 
data items of WRITE requests for a simple store operation and 
READ requests are stored in the temporary storage buffer. Any 
READ requests for WRITE request items in the temporary storage 
buffer are satisfied immediately from the temporary storage 
buffer using the WRITE request item information. If there is 
no space for a new WRITE request, an old WRITE request is 
deleted. The choice of the old WRITE request to be deleted 
and replaced can be made by any of the various replacement 
algorithms. Alternatively, the data items from WRITE requests 
or data items in the temporary storage buffer from previous 
READ requests can be treated indifferently for the purposes of 
replacement. 

Another variation relating to the storage of WRITE 
requests in the temporary storage buffer allows a WRITE 
response packet from the memory unit to cause deletion of the 
write request. 
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Another variation replaces the translation module 
existing at each source with a single translation module 
stored in the memory system. In this variation the 
translation module consists of items. Each of these items 
contains a multiplicity of the entries from the translation 
module. (Each entry, as previously noted, contains an item 
number and a corresponding actual address). In this variation 
therefore each source will store in its local memory a new 
translation module for the translation module in the memory 
system. This procedure can now be continued until each source 
need hold only a single entry in its local memory translation 
module. 

Further embodiments can be obtained by appropriate 
rearrangement of systems of the type shown in Fig. 9- 

If the devices in each column of Fig. 9 are 
considered simply to be part of a single one of the network 
modules 1-4, then we can redraw them as in Fig. 13 with each 
network module 1-4 still containing the sources S, nodes N and 
memory units D. The system of Fig. 13 can be depicted, more 
generally, in the form of Fig. 14. We can rearrange Fig. 14 
into a square, as shown in Fig. 15. This square can also be 
called a binary k-cube, for k=2. For a network with twice the 
number of network modules, k=3, the network of Fig. 15 is 
replicated with the addition of network modules l*-4' and a 
connection is made from a network module in each one of the 
2-cubes to the corresponding network module in the other 
2-cube. Note that this procedure is equivalent to the 
procedure followed in going from Table I to Table II. This 
procedure leads to the network of .Fig. 16 which has 2 =8 
network modules. If looked at in perspective, it also clearly 
represents an ordinary cube in 3 dimensions, which is a 
commonly used model of a binary 3-cube. This procedure can be 
continued indefinitely to obtain a binary cube for any value 
of k. 

Referring again to Fig. 9, we note that in each 
column, called a network module in Figs. 13-16, are sources. 




-29- 



nodes, and memory units , which are connected within each of 
the network modules" 1-4 in a specific manner. In the binary 
k-cube embodiments/ we may interconnect the sources, nodes and 
memory units within a module in any useful way and are not 
constrained to use the interconnections of Fig. 9. In fact, 
although each type of unit (sources, nodes and memory units) 
must be present in each network module, the number of such 
units and manner of interconnections within the modules are 
not constrained to those of Fig. 9. For example. Fig. 17 
shows a binary 2 cube, each of the network modules 1701-1704 
of which comprises one source S, one memory unit O and 2 nodes 
N connected by a bus. The bus replaces some of the links used 
previously and can consist of physical elements identical to 
those of the links. Fig. 18 shows a binary 2-cube in which 
each of the network modules 1801-1804 each comprise one source 
S, one memory unit D and two nodes N all of which are 
connected by a crossbar structure. In Fig. 19/ the same 
elements as in Figs. 17 and 18 are connected within each of 
the network modules 1901-1904 by a ring structure. 

In lieu of further specific examples/ Fig. 20 shows 
the use of generic network modules 2001-2004, each comprising 
a source or processor S, a memory unit D and a node N. This 
structure also adheres to the conflict free control, provided 
that the network interface contains suitable routing 
mechanisms, a temporary storage buffer and output queues as 
previously described. 

It is to be understood that the embodiments and 
variations shown and described herein are illustrative of the 
principles of this invention only and that various 
modifications may be implemented by those skilled in the art 
without departing from the scope and spirit of the invention. 
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We claim: 

1. A digital computer system comprising a plurality 
of sources, a plurality of memory units each having a 
plurality of memory locations for storage of data items, means 
for transmitting messages between sources and memory 
locations, means for assigning each data item to a 
substantially randomly selected memory location within a 
memory unit, a translation module for producing the address of 
the memory location containing each data item, and a temporary 
storage buffer connected to the means for transmitting 
messages, the temporary storage buf f er . compr ising means for 
temporarily storing copies of at least a part of messages 
between the sources and the memory locations. 

* 2 The digital computer, system of claim 1 further 
comprising at least one queue for temporarily storing messages 

addressed to memory units. 

3. The digital computer system of claim 1 further 
comprising a queue for temporarily storing messages addressed 

to each memory unit. 

4. The digital computer system of claim 1 further 
comprising means for generating actual addresses having 
substantially random distribution. 

5. The digital computer system of claim 1 wherein 
the translation- module comprises a memory which contains a 
translation table of the actual addresses of data items. 

6. The digital computer system of claim 1 wherein 

' the translation module contains an algorithm for producing the 

actual addresses of data items. 

7. The digital computer system of claim 2 wherein 
the translation module comprises a memory which contains a 
translation table of the actual addresses of data items. 

8. The digital computer system of claim 7 wherein 
one or more" of the sources is capable of creating WRITE 
request messages containing data items for storage in memory 
locations and the temporary storage buffer is connected to 
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receive and store copies of the data items included in WRITE 
request messages from sources, 

.9. The digital computer system of claim 8 wherein 
the temporary storage buffer is connected to receive copies of 
data items from memory locations in response to READ request 
messages and store the data item copies for possible use by 
one or more sources. 

10. The digital computer system of claim 9 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer. 

11. The digital computer system of claim 10 wherein 
the temporary storage buffer further comprises means for 
comparing, the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer. 

12. The digital computer system of claim 7 wherein 
the temporary storage buffer is connected to receive copies of 
data items from memory locations in response to READ request 
messages and store the data item copies for possible use by 
one or more sources. < 

13. The digital computer system of claim 12 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer. 

14. The digital computer system of claim 13 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer. 

15. The digital computer system of claim 1 wherein 
one or more of the sources is capable of creating WRITE 
request messages containing data items for storage in memory 
locations and the temporary storage buffer is connected to 
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receive and store copies of the data items included in WRITE 

request messages from sources. 

16. The digital computer system of claim 1 wherein 
the temporary storage buffer is connected to receive copies of 
data items from memory locations in response to READ request 
messages and store the data item copies for possible use by 
one or more sources. 

17. The digital computer system of claim 1 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 

temporary storage buffer. 

IS. The digital computer system of claim 1 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer. 

19. The digital computer system of claim 2 wherein 
one or more of the sources is capable of creating WRITE 
request messages containing data items for storage in memory 
locations and the temporary storage buffer is connected to 
receive and store copies of the data items included in WRITE 
request messages from sources. 

20. The digital computer system of claim 2 wherein 
the temporary storage buffer is connected to receive copies of 
data items from memory locations in response to READ request 
messages and store the data item copies for possible use by 

one or more sources. ■ 

21. The digital computer system of claim 2 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer . 

22. The digital computer system of claim 2 wherein 
the temporary storage buffer further comprises means for 
comparing the memory addresses of TEST request messages with 
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the memory addresses of TEST requests already stored in the 

temporary storage buffer. 

23. The digital computer system of claim 1 wherein 
at least some of the sources are provided by one or more 
multi-tasking processors. 

24. The digital computer system of claim 7 wherein 
at least some of the sources are provided by one or more 
multi-tasking processors. 

25. The digital computer system of claim 11 wherein 
at least some of the sources are provided by one or more 
multi-tasking processors. 

26. The digital computer system of claim 13 wherein 
at least some of the sources are provided by one or more 
multi-tasking processors. 

27. ' The digital computer system of claim 1 
comprising a network of interconnected nodes, each node being 
connected to at least two other nodes, and each node 
comprising a temporary storage buffer and at least one switch 
for directing messages along different routes between sources 

and memory units. 

28. The digital computer system of claim 27 wherein 
the network of nodes includes at least two levels, an upper 
level having nodes connected to sources without intervening 
nodes and a lower level having nodes connected to memory units 
without intervening nodes. 

29. The digital computer system of claim 27, each 
node of which further comprises at least one queue for 
temporarily storing messages addressed to memory units. 

30. The digital computer system of claim 27, each 
node of which further comprises a queue for temporarily 
storing messages addressed to each memory unit. 

31. The digital computer system of claim 27 wherein 
one or more of the sources is capable of creating WRITE 
request messages containing data items for storage in memory 
locations and the temporary storage buffers are connected to 
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receive and store copies of the data items included in WRITE 
request messages from sources. 

32. The digital computer system of claim 31 wherein 
the temporary storage buffers are connected to receive copies 
of data items from memory locations in response to READ 
request messages and store the data item copies for possible 
use by one or more sources. 

33. The digital computer system of claim 32 wherein 
the temporary storage buffers further comprise means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer. 

34. The digital computer system of claim 33 wherein 
the temporary storage buffers further comprise means for 
comparing the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer. 

35. The digital computer system of claim 27 wherein 
the temporary storage buffers are connected to receive copies 
of data items from memory locations in response to READ 
request messages and store the data item copies for possible 
use by one or more sources. « 

36. The digital computer system of claim 35 wherein 
the temporary storage buffers further comprise means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer. 

37. The digital computer system of claim 36 wherein 
the temporary storage buffers further comprise means for 
comparing the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer. 

38. A memory management system for a digital 
computer system having a plurality of sources and a plurality 
of memory units each having . a plurality of memory locations, 
the memory management system comprising a multi-stage 
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switching network for transmitting messages between sources 
and memory locations , and temporary storage buffers located in 
at least some of the stages of the switching network, the 
temporary storage buffers each comprising means for 
temporarily storing copies of at least part of messages 
between the sources and the memory locations. 

39. The memory management system of claim 3 8 
wherein the network includes at least two levels, an upper 
level having nodes connected to sources without intervening 
nodes and a lower level having nodes connected to memory units 
without intervening nodes. 

40. The memory management system of claim 38, each 
stage that includes a temporary storage buffer further 
comprising at least one queue f or m temper arily storing messages 
addressed to memory units. 

41. The memory management system of claim 38, each 
stage that includes a temporary storage buffer further 
comprising queue for temporarily storing messages addressed to 
each memory unit. 

42. The memory management system of claim 38 
wherein one or more of the sources is capable of creating 
WRITE request messages containing data items for storage in 
memory locations and a temporary storage buffer is connected 
to receive and store copies of the data items included in 
WRITE request messages from sources. 

43. The memory management system of claim 42 
wherein a temporary storage buffer is connected to receive 
copies of data items from memory locations in response to READ 
request messages and store the data item copies for possible 
use by one or more sources. 

44. The memory management system of claim 43 
wherein a temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buff r. 
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45. The memory management system of claim 44 
wherein a temporary storage buffer further comprises means for 
comparing the memory addresses of TEST request messages with 
the memory addresses of TEST requests already stored in the 
temporary storage buffer . 

46. The memory management system of claim 3 8 
wherein the temporary storage buffer is connected to receive 
copies of data items from memory locations in response to READ 
request messages and store the data item copies for possible 

use by one or more sources - 

47. The memory management system of claim 46 
wherein a temporary storage buffer further comprises means for 
comparing the memory addresses of READ request messages with 
the memory addresses of READ requests already stored in the 
temporary storage buffer. 

48. The memory management system of claim 47 
wherein the temporary storage buffer further comprises means 
for comparing a memory addresses of TEST request messages wxth 
the memory addresses of TEST requests already stored m the 

temporary storage buffer. 

49. The method for reducing conflicts in accessing 
a shared computer memory comprising the steps-of temporarily 
storing copies of unsatisfied READ request messages in a 
temporary storage buffer, transmitting a READ request message 
for a given data item to its memory location when another READ 
request for the same data item is not stored in the temporary 
storage buffer, and satisfying other requests for that data 
item from the temporary storage buffer when the data item is 
received by the temporary storage buffer in response to the 
transmitted READ request message. 

50. The method of claim 49 further comprising the 
step of temporarily storing -copies of the data items supplied 
from the memory locations in response to READ request messages 
in the temporary storage buffer and satisfying READ request 
messages for such data items by supplying copies from the 
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temporary storage buffer instead of transmitting the READ 
request message to the memory location. 



a shared computer memory comprising the steps of temporarily 
storing copies of unsatisfied TEST request messages in a 
temporary storage buffer , transmitting a TEST request message 
for a given data item to its memory location when another TEST 
request for the same data item is not stored in the temporary 
storage buffer, and satisfying other requests for that data 
item from the temporary storage buffer when the data item is 
received by the temporary storage buffer in response to the 
transmitted TEST request message. 

52. The method of claim 51 further comprising the 
step of temporarily storing copies of the data items supplied 
from the memory locations in response to TEST request messages 
in the temporary storage buffer and satisfying TEST request 
messages for such data items by supplying copies from the 
temporary storage buffer instead of transmitting the TEST 
request message to the memory location. 



51. The method for reducing conflicts in accessing 
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AMENDED CLAIMS 

(x cerred by the International Bureau on 16 June 1980 (16.06.80) 



1. A digital computer system comprising 
a plurality of sources* a plurality of independent 
and concurrently accessible memory units each 
having a plurality of memory locations for storage 
of data items, means for transmitting messages 
between sources and memory locations, means for 
assigning each data item to a memory location . 
within a memory unit which has been substantially 
randomly -selected, and a temporary storage buffer 
connected to the means for transmitting messages, 
the temporary storage buffer comprising means for 
temporarily storing copies of at least a part of 
messages between the sources and the memory 
locations . 

2. The digital computer system of claim 
1 further comprising at least one queue connected 
between a temporary storage buffer and the memory 
units for temporarily storing messages addressed to 
memory units. 

3. The digital computer system of claim 
1 further comprising a queue connected between a 
temporary storage buffer and the memory units for 
temporarily storing messages addressed to each 
memory unit. 

4. The digital computer system of claim 
1 further comprising means for generating -actual 
addresses having substantially random distribution. 

5. The ditigal computer system of claim 
53 wherein the translation module comprises a 
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memory which contains a translation table of the 
actual addresses of data items. 

6. The digital computer system of claim 
53 wherein the translation module contains an 
algorithm for producing the actual addresses of 
data items. 

7. The digital computer system of claim 
2 wherein the translation module comprises a memory 
which contains a translation table of the actual 
addresses of data items* 

8. The digital computer system of claim 

7 wherein one or more of the sources is capable of 
creating WRITE request messages containing data 
items for storage in memory locations and the 
temporary storage buffer is connected to receive 
and store copies of the data items includes in 
WRITE request messages from sources. 

9. The digital computer system of claim 

8 wherein the temporary storage buffer 1 is connected 
to receive copies of data items from memory 
locations in response to READ request messages and 
store the data item copies for possible use by one 
or more sources. 

10. The digital computer system of claim 

9 wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 
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11. The digital computer system of claim 
10 wherein the temporary storage buffer further 
compris s means for comparing the memory addresses 
of TEST request messages with the memory addresses 
of TEST requests already stored in the temporary 
storage buffer. 

12. The digital computer system of claim 
7 wherein the temporary storage buffer is connected 
to receive copies of data items from memory 
locations in response to READ request messages and 
store the data item copies for possible use by one 
or more sources. 

13. The digital computer system of claim 
12- wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of READ- request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer - 

14. The digital computer system of claim 
13 wherein the temporary storage buffer* further 
comprises means for comparing the memory addresses 
of TEST request messages with the memory addresses 
of TEST requests already stored in the temporary 
storage buffer. 

15. The digital computer system of claim 
1 wherein one or more of the sources is capable of 
creating WRITE request messages containing data 
items for storage in memory locations and the 
temporary storage buffer is connected to 

receive and store copies of the data items included 
in WRITE request messages from sources. 
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16. The digital computer system of claim 
1 wherein the temporary storage buffer is connected 
to receive copies of data items from memory 
locations in response to READ request messages and 
store the data item copies for possible use by one 
or more sources. 

17- The digital computer system of claim 
1 wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 

18. The digital computer system of claim 

1 wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of TEST request messages with the memory addresses 
of TEST requests already stored in the temporary 
storage buffer. 

19. The digital computer system of claim 

2 wherein one or more of the sources is capable of 
creating WRITE request messages containing data 
items for storage in memory locations and the 
temporary storage buffer is connected to receive 
and store copies of the data items included in 
WRITE request messages from sources. 

20. The digital computer system of claim 
2 wherein the temporary storage buff er is connected 
to receive copies of data items from memory 
locations in response to READ request messages and 
store the data item copies for possible use by one 
or more sources. 
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21. The digital computer system of claim 
2 wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 

22. The digital computer system of claim 
2 wherein the temporary storage buffer further 
comprises means for comparing the memory addresses 
of TEST request messages with 

the memory addresses of TEST requests already 
stored in the temporary storage buffer - 



by one or more multi- tasking processors. 

24. The digital computer system of claim 
7 wherein at least some of the sources are provided 
by one or more multi- tasking processors. 

25. The digital computer system of claim 
11 wherein at least some of the sources are 
provided by one or more multi-tasking processors. 

26. The digital computer system of claim 
13 wherein at least some of the sources are 
provided by one or more multi-tasking processors. 



1 comprising a network of interconnected nodes, 
each node being connected to at least two other 
nodes / and each node comprising a temporary storage 
buffer and at least one switch for directing 



23. The digital computer system of claim 
1 wherein at least some of the sources are provided 



27. The digital computer system of claim 
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messages along different routes between sources and 
memory units. 

28. The digital computer system of claim 
27 wherein the network of nodes includes at least 
two levels , an upper level having nodes connected 
to sources without intervening nodes and a lower 
level having nodes connected to memory units 
without intervening nodes. 

29. The digital computer system of claim 
27 r each node of which further comprises at least 
one queue for temporarily storing messages 
addressed to memory units. 

30. The digital computer system of claim 
27 , each node of which further comprises a queue 
for temporarily storing messages addressed to each 
memory unit. 

31. The digital computer system of- claim 
27 wherein one or more of the sources is capable of 
creating WRITE request messages containing data 
itenis for storage in memory locations and the 
temporary storage buffers are connected to receive 
and store copies of the data items included in 
WRITE request messages from sources. 

32. The digital computer system of claim 
31 wherein the .temporary storage buffers are 
connected to receive copies of data items from 
memory locations in response to READ request 
messages and store the data item copies for 
possible use by one or more sources. 
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33. The digital computer system of claim 

32 wherein the temporary storage buffers further 
comprise means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 

34. The digital computer system of claim 

33 wherein the temporary storage buffers further 
comprise means for comparing the memory addresses 
of TEST request messages with memory addresses of 
TEST requests already stored in the temporary 
storage buffer. 

35. The digital computer system of claim 
27 wherein the temporary storage buffers are 
connected to receive copies of data items from 
memory locations in response to READ request 
messages and store the data item copies for 
possible use by one or more sources. 

36. The digital computer system of claim 

35 wherein the temporary storage buffers further 
comprise means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 

37. The digital computer system of claim 

36 wherein the temporary storage buffers further 
comprise -means for comparing the memory addresses 
of TEST request messages with the memory addresses 
of TEST requests already stored in the temporary 
storage buffer 
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38. A memory management system for a * 
digital computer system having a plurality of 
sources and a plurality of independent and 
concurrently accessible memory units each having a 
plurality of memory locations, the memory 
management system comprising a multi-level 
switching network for transmitting messages between 
sources and memory locations, and temporary storage 
buffers located in at least two of the levels of 
the switching network, the temporary storage 
buffers each comprising -means for temporarily 
storing copies of at least part of messages from 
the sources requesting data items in the memory 
locations. 

39. The memory management system of 
claim 38 wherein the network includes at least two 
levels, an upper level having nodes connected to 
sources without intervening nodes and a lower level 
having nodes connected to memory units without 
intervening nodes. 

40. The memory management system of 
claim 38, each stage that includes a temporary 
storage buffer further comprising at least one 
queue for temporarily storing messages addressed to 
memory units. 

41. The memory management system of 
claim 38, each stage that includes a temporary 
storage buffer further comprising queue for 
temporarily storing messages addressed to each 
memory unit. 

42. The memory management system of 
claim 38 wherein one or more of the sources is 
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capable of creating WRITE request messages 
containing data items for storage in memory 
locations and a temporary storage buffer is 
connected to receive and store copies of the data 
items included in WRITE request messages from 
sources. 

43- The memory management system of 
claim 42 wherein a temporary storage buffer is 
connected to receive copies of data items from 
memory locations in response to READ request 
messages and store the data item copies for 
possible use by one or more sources* 

44. The memory management system of 
claim 43 wherein a temporary storage buffer further 
comprises means for comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 

45. The memory management system of 
claim 44 wherein a temporary storage buffer further 
comprises means for comparing the memory addresses 
of TEST request messages with the memory addresses 
of TEST requests already stored in the temporary 
storage buffer . 

46. The memory management system of 
claim 38 wherein the temporary storage buffer is 
connected to receive copies of data items from 
memory locations in response to READ request 
messages and store the data item copies for 
possible use by one or more sources. 
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47. The memory management system of 



claim 46 wherein a temporary storage buffer further 
comprises means for ^ comparing the memory addresses 
of READ request messages with the memory addresses 
of READ requests already stored in the temporary 
storage buffer. 



claim 47 wherein the temporary storage buffer 
fur ther compr ises means f o r compar ing a memory 
addresses of TEST request messages with the memory 
addresses of TEST requests already stored in the 
temporary storage buffer. 



accessing a shared computer memory system from a 
plurality of sources comprising the steps of 
temporarily storing copies of READ request messages 
which cannot be satisfied by any data item in the 
temporary storage buffer, transmitting a READ 
request message for a given data item to its 
location in the memory system only when neither the 
data item nor another READ request for the same 
data item is stored in the temporary storage 
buffer, and satisfying all stored requests for that 
data item from the temporary storage buffer when 
the data item is received by the temporary storage 
buffer in response to the previously transmitted 
READ request message* 



comprising the step of temporarily storing copies 
of the data items supplied from the memory 
locations in response to READ request messages in 
the temporary storage buffer and satisfying READ 
request messages for such data items by supplying 



48 • The memory management system of 



49. A method for reducing conflicts in 
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The method of claim 49 further 
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copies from the temporary storage buffer instead of 
transmitting the READ request message to the memory 
location. 

51. The method for reducing conflicts in 
accessing a shared computer memory comprising the 
steps of temporarily storing copies of unsatisifed 
TEST request messages in a temporary storage 
buffer, transmitting a TEST request message for a 
given data item to its memory location when another 
TEST request for the same data item is not stored 
in the temporary storage buffer, and satisfying 
other requests for that data item from, the 
temporary storage buffer when the data item is 
received by the temporary storage buffer in 
response to the transmitted TEST request message. 

52. The method of claim 51 further 
comprising the step of temporarily storing copies 
of the data items supplied from the memory 
locations in response to TEST request messages in 
the temporary storage buffer and satisfying TEST 
request messages for such data items by, supplying 
copies from the temporary storage buffer instead of 
transmitting the TEST request message to the memory 
location. 

53. The system of any of claims 1 
through 4 further comprising a translation module 
for producing the address of the memory location 
containing each data item. 

54. A digital computer system comprising 
a plurality of sources, a plurality of independent 
and concurrently accessible memory units each 
having a plurality of memory locations for storage 
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of data items , means for transmitting messages 
between sources and memory locations r and at least 
one temporary storage buffer connected to the means 
for transmitting messages, wherein the temporary 
storage buffer comprises means for temporarily 
storing at least one data item and means for 
storing copies of request messages for data items 
which cannot be satisifed by any data item stored 
in the temporary storage buffer, and the 
transmitting means comprise means for transmitting 
a request message for a given data item to its 
location in the memory units only when neither the 
given data item nor a request for the given data 
item is stored in 'the temporary storage buffer and 
means for transmitting a data item to the sources 
of all requests for that data item which are stored 
in the temporary storage buffer when that data item 
is received by the temporary storage buffer. 

55. The digital computer system of any 
of claims 1, 27 or 28 wherein the temporary storage 
buffer comprises means for temporarily storing at 
least one data item and means for storing copies of 
request messages for data items which cannot be 
satisfied by any data item stored in the temporary 
storage buffer, and the transmitting means comprise 
means for transmitting a request message for a 
given data item to its location in the memory units 
only when neither the given data item nor a request 
for the given data item is stored in the temporary 
storage buffer and means for transmitting a data 
item to the- sources of all requests for that data 
"item which are stored in the temporary storage 
buffer when that data item is received by the 
temporary storage buffer. 
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56. The system of claim 55 further 
comprising a translation module for producing the 
address of the memory location containing each data 
item. 

57. The memory management system of 
claim 38 or 39 wherein the temporary storage buffer 
comprises - means for temporarily storing at least 
one data item and means for storing copies of 
request messages for data items which cannot be 
satisfied by any data item stored in the temporary 
storage buffer, and the switching network further 
comprises means for transmitting a request message 
for a given data item to its location in the memory 
units only when neither the given data item nor a 
request for the given data item is stored in the 
temporary storage buffer and means for transmitting 
a data item to the sources of all requests for that 
data item when that data item which are stored in 
the temporary storage buffer is .received by the 
temporary storage buffer. 
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This International Sesrchfos Authority found multiple Inventions In thla International application as follows: 



,J—J A , aB required additional search fees were timely paid by the applicant, thla International search report covers ail searchable claims 
of the International application. 

aJl As only some of the required additional aearch feea ware timely paid by the applicant, this international search report cover, only 
those claims of the Internatlonsl application for which fees were paid, specifically chums: 



aTl No required additional aearch fees were timely paid by the applicant. Consequently, thla International search report IS restricted to 
^""^ the invention first mentioned In the claims; it is covered by claim numbers: 



Remark on Protest 
Q The additional search feea were accompanied by applicant's protest. 
n No protest accompanied the payment of additional search fees. 
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